In recent years, advancements in semiconductor optical amplifier (SOA) technology have solved many of the problems (e-g., polarization sensitivity [ I] and low saturated output powers [2] ) which have prevented their widespread deployment into optical networks. The most elusive and last remaining problem is the large crosstalk between channels in wavelength division multiplexing a n d h n e division multiplexing p h 4 ) applications. The crosstalk arises from dynamic gain variations due to gain saturation. The most effective solution to these problems involves the use of a separate and simultaneous stimulated emission field in the SOA Above threshold, the gain is clampqd to the cavity losses and the effective carrier lifetime is significantly reduced due to stjmulated emission. As a result, crosstalk, speed, and linearity of the SOA are significantly improved. Previous implementations of this gain-clamping approach to crosstaIlc reduction use a longitudin&l W i g field [3] [4] [5] where a distributed Bragg n=flector (DBR) or distributed feedback @FB) laser sttuctwe is modified with lower reflectivities and then pumped above threshold. This approach, where laser light is collinear with the amplified signal, has a number of disadvantages. The creative challenge is to frnd a configuration where an "extra" lasing field can share the same gain medium and not hinder propagation of the signal beam through the device.
Our solution is to use an orthogonal lasing configuration as shown in Fig. l(a) . The orthogonal lasing field is provided by a verticalcavity surfaceemitting laser diode (VCSEL). A single-mode SOA ridge waveguide is formed in the upper VCSEL mirror. We w i l l refer to this structure as a vertically lasing semiconductor optical ampwier (VLSOA). The advantages of a W O A over other gain clamped geometries are: 1) No separate spectral filtering of laser light along the fiber input or output is needed. 2) The full SOA gain spectrum is available for use since no wavelength dependent components are in the signal beam path (e.g., DBRs or dichroic coatings). 3) Since the internal power density is very large in a VCSEL, single mode rate equations show that the VLSOA is significantly faster than other gain clamped SOAS. Thus the VLSOA geometry can provide the highest channel speeds for WDM, TDM, and CATV/microwave applications. 4) Because the lasing field is orthogonal to the signal gain path, the device parameters for lasing (e.g. mirror reflectivities) can be independently tailored from SOA gain (e.g. length). As a result, the trade-off between high lasing field power (Le. effective gain clamping) and gain along the ridge waveguide is eliminated.
The basic physics of the VLSOA device is now briefly discussed. As the device is electricauy pumped, the gain of the amplifier increases until the VCSEL reaches lasing threshold. Above threshold, the gain is saturated or clamped to the passive losses (primarily mirror losses). Any further pumping of the medium results in the lasing power increasing. In the case of the VLSOA, there is good spatial overlap between the signal beam along the ridge waveguide and the lasing held in the vertical direction. The clamping of the gain to the passive losses via feedback (historically analogous to the electrical operational amplifier) by a lasing field implies that all the relevant parameters of a laser then apply such as speed of response, photon Metime, etc. Since the VCSEL mirror reflectivities are relatively stable to variations in temperature, age, or drift in materials parameters, the SOA gain,is also insensitive to these parameters. One benefit of gain clamping is that the WDM crosstalk is greatly reduced. The lasing field acts as a ballast and an input signal modulates the VCSEL power as opposed to a conventional SOA where an input signal modulates the gain. As the amplified signal output power is increased, the gain is clamped and linear until the laser power is exhausted. Hence, the effective SOA saturation output power equals the lasing field power. Another benefit of the VLSOA is that the TDM gain recovery time is greatly reduced from -1 ns to -10 ps as result of stimulated emission from the lasing field., A third, but yet untested benefit, is the possibility of reducing the amplified spontaneous emission (ASE) noise in the ridge waveguide by microcavity noise reduction. Briefly, the ASE enhancement expected in the vertical direction (61 reduces the ASE for the horizontal direction, Stimulated emission is not affected and hence the SOA gain will not be reduced. It may be possible to exploit this effect t2 build low noise SOAS.
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DEVICE FABRICATION:
An SEM photo of our frrst generation W O A is shown in Fig. l(b) . The device is essentially a tilted-facet ridge waveguide SOA, except that it uses a VCSEL epitaxial wafer in place of a conventional,edge-emitting design. The ridge etched into the top Bragg reflector is used for electrical and\;optical confiiement along the waveguide, and the tilted facets are used to suppress lasing along the amplitier direction. The VCSEL wafer is a molecular beam epitaxy W E ) grown structure with GaAdAlGaAs Bragg reflectors and a InGaAs multiple quantum well active region.
The wafer used in thm experiments produced room tempexatwe CW output powers of 5 mW when p r o c e d into proton-implanted 30 pn square vertical cavity lasers [7] . Details of the VCSEL wafer design and epitaxial growth can be found in the literature [7] . Figure I@) is a view of the endtfacet of the VLSOA. The photo shows a 3 p.m thick top Bragg reflector (20.5 Bragg pairs, 0.14 pm period), active region (white stripe) and 4.5 pm thick bottom Bragg reflector. The ridge is 9 pm wide, and was defined by etching about half way through the top Bragg Eflector with a H2S04:H2@:H20 based liquid etch. The top of the ridge is electrically contacted with ebeam and electroplated gold, md there is an insulating Si@ layer under the gold in the valley The VLSOAs were cleaved into individual die and mounted active-side up without solder onto a vacuum heat sink. In order to avoid adverse thermal effects, the bias current to the device is pulsed at a 0.2% duty cycle (1 ps, 2 kHz). (With properly soldered heat sinks CW operation is possible.) The pulsed L-I curve of the vertical-cavity laser is shown in Fig. 2(c) . The VCSEL threshold current is observed to be 400 mA and thus the VLSOA is expected to be gainclamped above this current level. The intensity in Fig. 2(c) is in arbitrary units because the devices are covered with gold on both sides and they have no output window to allow detection of the VCSEL light. To obtain the L-I curve, a hole was scratched through the gold on the substrate side of the device to allow some light to escape. The threshold current is higher than VCSEL devices in the literature for two reasons. First, our devices are -100 times larger in area than the low threshold VCSELs in the literature, and thus they are expected to have 100 times higher operating currents. Second, our devices have almost no lateral current confinement compared to other VCSEL structures in the literature. Our next generation VLSOA devices will incorporate improved current corifinement and should operate CW at currents comparable to conventional ridge waveguide SOAs (<lo0 mA).
The M E spectra, collected with a single-mode optical fiber from the VLSOA ridge waveguide, are shown as a function of bias current in Fig. 2(a) . Nine bias current levels ranging from 0 to 8W mA in 100 mA steps are depicted. For a conventional SOA, the ASE power would continue to increase with bias cun-ent up to 800 mA; however, in these VLSOA devices the AfE power 'is clamped by the hemal lasing field when the VCSEL reaches threshold at 400 m k The second important result from Fig. 2(a) is that no detectable laser light is coupled into the single-mode optical fiber which defines the optical pathway for the ampliied signal beam. Fig. 2(d) as a function of the bias current. A precipitous 25 dB drop in crosstalk is observed as the current is increased above the 400 mA VCSEL threshold current, consistent with the onset of gain clamping observed in Figs. 2(a,b,c) . For a conventional SOA, the crosstalk signal would continue to increase with bias current up to 800 mA.
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CONCLUSION:
We have proposed, fabricated and tested a vertically lasing semiconductor optical amplifier. The device exhibits a 16 dB clamped chip gain and 25 dB reduction in crosstalk relative to the maximum crosstalk which occurs just below the lasing threshold. Virtually no laser light is coupled into either the input or output optical fibers. Short wavelength VCSELs are commercially available and long wavelength VCSEL technology is progressing rapidly 193. VCSEL epitaxial growth technology is compatible with strained multiplequantum well material which can be made polarization insensitive [l] . We envision future crosstalk free VLSOAs with polarization insensitivity, low current consumption, high fiber-to-fiber gain, and availability at all major communications wavelengths.
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